D
iabetic macular edema (DME) is the major cause of vision loss in diabetic patients. 1, 2 Approximately 14% of all diabetics are affected by DME, and the 10-year incidence of DME in patients with newly diagnosed type 2 diabetes is approximately 20%. 3, 4 The gold standard for diagnosing DME remains fundus slit lamp biomicroscopy. 5 Recently, optical coherence tomography (OCT) has been shown to be a valid method for early detection of DME, and its use has become a new morphologic gold standard in everyday clinical practice and randomized clinical trials. 6 -8 However, OCT has failed to become a surrogate for evaluation of visual function in DME patients, as it shows just moderate correlation to best corrected visual acuity (BCVA) data. 9 Recently, microperimetry has shown promising results in the functional evaluation of the macula, with good correlation to OCT. 10 -16 The role of fluorescein angiography (FA) in DME remains mostly in the assessment of capillary nonperfusion. 17 Fundus autofluorescence (FAF) is a recent technique mostly used in the evaluation of age-related maculopathy and macular dystrophies. 18 -21 FAF is thought to derive from lipofuscin in retinal pigment epithelial (RPE) cells, reflecting some aspect of RPE function and integrity. 20, 21 In the macular area, the FAF signal is reduced at the fovea because of its absorption by the luteal pigment, whereas the signal is relatively increased in the parafoveal area, although still reduced when compared with the diffuse background signal in the more peripheral retinal areas. 20 FAF showed 81% sensitivity and 69% specificity in detecting cystoid macular edema, offering a rapid and noninvasive technique in the study of this disease. 22 Cystoid macular edema is a common feature of different choroidal and retinal disorders. It is also a common complication of DME. FAF characteristics are still poorly known in DME. The principal purpose of this study was to evaluate FAF patterns in DME and to determine the correlation with functional parameters, such as BCVA and microperimetry. The secondary purpose was to determine the correlation of FAF patterns with FA and OCT of DME.
METHODS
One hundred fifty-one eyes of 92 consecutive diabetic patients with untreated clinically significant macular edema (CSME) were included in the study. All patients were recruited from Diabetic Retinopathy Clinic at the Department of Ophthalmology, University of Padova. The inclusion criteria were men or women with type 1 or 2 diabetes mellitus (DM) and previously untreated CSME, defined according to the ETDRS protocol on stereo fundus photography, and confirmed on OCT. 23 The exclusion criteria were any type of previous macular treatment (macular laser photocoagulation, vitrectomy, intravitreal steroids, and/or antiangiogenic drugs); presence of subfoveal hard exudates; significant media opacities that precluded fundus examination or imaging; any intraocular surgery at least 6 months before the study involvement; and ischemic maculopathy.
A detailed written consent form (specifying the purpose of the research study and any diagnostic procedure) was obtained from all patients, as well as approval from our institutional ethics committee. The study was conducted in accordance with the tenets of the Declaration of Helsinki.
The patients underwent a complete ophthalmic examination, with determination of BCVA, anterior segment examination, indirect ophthalmoscopy, and 90-D lens biomicroscopy. Thereafter, autofluores-cence, FA, OCT, fundus photography, and microperimetry were performed in each patient.
Study Procedures
Visual Acuity. Distance BCVA for each eye was measured by a trained examiner using the standard Early Treatment Diabetic Retinopathy Study (ETDRS) protocol at 4 m distance with a modified ETDRS distance chart transilluminated with a chart illuminator (Precision Vision, La Salle, IL). 24 Visual acuity was scored as the total number of letters read correctly and converted to the logarithm of the minimum angle of resolution (logMar).
Fundus Autofluorescence. FA was recorded with a confocal scanning laser ophthalmoscope (Heidelberg Retinal Angiograph 2; Heidelberg Engineering, Heidelberg, Germany), using blue wavelength (solid-pumped laser; 488 nm) for excitation, whereas emitted light was detected above 500 nm because of a barrier filter. The optical and technical principles of the HRA have been described in detail. 25, 26 To amplify the autofluorescence signal of the final image, 15 acquired images were aligned, and a mean one was calculated from these, after detection and correction of eye movements were performed by image analysis software. Digital images were saved on hard disc for further analysis and processing. FAF images were graded for different foveal patterns (normal, single-spot increased, and multiple spots-increased iFAF; Fig. 1 ).
Decreased foveal FAF (due to the blockage caused by luteal pigment) was considered normal. In addition, the extension of the area with iFAF was manually outlined with the mouse-driven arrow on the computer screen, using the scanning laser ophthalmoscope software (Heidelberg Eye Explorer software; HRA 2; Heidelberg Engineering). All values were automatically calculated and reported in square millimeters. Grading of FAF images was performed independently by two masked readers (SV, EP), and in case of disagreement, a senior retinal specialist (EM) acted as arbitrator.
Stereo Fundus Photography and FA. In all patients after adequate dilation, color stereoscopic fundus photographs and FA of ETDRS field 2 were taken by a trained photographer with the same 35°f undus camera (TRC 50IA; Topcon, Tokyo, Japan) and saved in JPEG format. 23 Two retinal specialists independently graded, in a masked fashion, each pair of images on a 17-in. monitor dedicated to diabetic retinopathy screening. CSME was graded according to the ETDRS protocol. 23 FA images of the macula were graded for capillary loss, presence and extent of fluorescein leakage, and presence of a cystoid leakage pattern. Eyes presenting with macular ischemia extending beyond the foveal avascular zone (250 -300 m; ischemic maculopathy) were excluded.
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Optical Coherence Tomography. OCT scanning was performed (Stratus OCT; Carl Zeiss Meditec, Oberkochen, Germany, with the system ver. 4.1[0052] software). The scanning protocol used for this study was the Fast Macular Thickness program that creates a retinal map algorithm consisting of six radiating crosssectional scans, each 6-mm length, that produce a circular plot in which the foveal zone is the central circular zone 1.00 mm in diameter. For the purpose of this study, retinal thickness in the central millimeter was used as the OCT measurement of foveal thickness (central retinal thickness). Moreover, four additional line scans, 6 mm in length, were performed centered on the fovea at 0°, 45°, 90°, and 135°. These images were saved on hard disc for edema pattern classification, according to the classification proposed by Otani et al. 28 : cystoid pattern, spongelike pattern (noncystoid), and serous neuroretinal detachment (SNRD).
Microperimetry.
Microperimetry was performed on all subjects (MP1 Microperimeter; Nidek, Gamagori, Japan). This instrument is described in detail elsewhere. 29 For the purpose of this study, the following parameters were used: a fixation target consisting of red ring, 1°in diameter; white, monochromatic background at 4 asb, stimulus size Goldman III, with 200-ms projection time; and a customized radial grid of 45 stimuli covering the central 12°(centered on the fovea), 1°apart for the inner stimuli and 2°apart for the outer stimuli. The starting stimulus light attenuation was set at 10 dB. A 4-2-1 double-staircase strategy was used with an automatic eye tracker that compensates for eye movements. 29, 30 Pretest training was performed, and 5 minutes of mesopic visual adaptation was allowed before the test began. All subjects underwent microperimetry with dilated pupils. Mean retinal sensitivity was evaluated over areas with iFAF and within the central 4°, covering ϳ1 mm of the central retina area on the OCT map. Mean retinal sensitivity over the area with iFAF was determined by means of dedicated software (within the MP1) which allows for a semiautomatic overlapping of the microperimetric results with the FAF images (Figs. 2, 3 ).
Statistical Methods
Descriptive Statistics. Study parameters were described by means of usual methods of descriptive statistics: mean value, SD, minimum, maximum, and quantiles were tabulated for quantitative parameters; frequency and percentage were reported for qualitative ones.
Analytical
Methods. An analysis of linear correlation was preliminarily conducted to measure the magnitude of relationships among variables by means of Pearson's correlation coefficient. Results of such analysis were taken into account while choosing parameters to include in the multiple analysis models.
The association of OCT edema patterns as well as FA edema patterns with iFAF was evaluated by means of Fisher's exact test applied to the distribution of frequency of each pattern by FAF group. Agreement between the same pattern as classified by OCT and FA was measured by means of the statistics and 95% CI.
The significance of the relationship between parameters and FAF groups was evaluated by means of three-way analysis of covariance (ANCOVA). In the ANCOVA model FAF groups, OCT diffuse or focal edema pattern and cystoid or noncystoid edema pattern were included FIGURE 1. Foveal FAF patterns in DME: normal FAF (left); single-spot iFAF (center); multiple-spot iFAF (right).
as main factors; BCVA, sensitivity over the area of iFAF, OCT macular thickness, and OCT macular volume were included as covariates. The Bonferroni post hoc test was used for further investigations regarding differences between mean values. Data were assumed significant if P Ͻ 0.05 (SAS, ver. 9.1.3; SAS, Cary, NC).
RESULTS
Of the 92 patients (151 eyes), 58 were men and 34 were women with a mean age of 63.0 Ϯ 11.0 years (range, 31-83); 17 had type 1 diabetes mellitus (DM) and 75 had type 2. Fifty-nine patients had both eyes eligible, whereas 33 patients had one eligible eye. Characteristics of all patients included in the study are shown in Table 1 All patients had central and stable fixation, as we have reported in DME patients. 10 The mean duration of the MP1 examination was 9.1 Ϯ 2.3 minutes. 
Correlation Analysis
There was a strong, direct correlation between sensitivity over areas with iFAF and 4°central sensitivity (r ϭ 0.91). OCT volume showed strong, direct correlation with both OCT thickness (r ϭ 0.68) and BCVA (logMAR; r ϭ 0.42) and inverse correlation with sensitivity over iFAF areas (r ϭ Ϫ0.50). Lower correlation coefficients (Ͻ0.40) were computed for the remaining relationships. Because of these correlations among parameters, in ANCOVA models, two parameters representing retinal function characteristics (BCVA and sensitivity over the area of iFAF) and two parameters representing retinal morphologic characteristics (OCT thickness and volume) were used as covariates.
Association between FAF Pattern versus FA and OCT Edema Patterns
Focal and diffuse FA patterns were associated with the FAF pattern (Fisher's exact test, P ϭ 0.0072). The OCT pattern was not significantly associated with the FAF pattern (Fisher's exact test, P ϭ 0.7173; Table 2 ).
Cystoid and noncystoid FA patterns were associated with FAF pattern (Fisher's exact test, P Ͻ 0.0001) as well as OCT edema pattern (Fisher's exact test, P Ͻ 0.0001; Table 2 ).
Agreement between OCT and FA in grading diffuse or focal and cystoid or noncystoid edema patterns was statistically significant: ϭ 0.29 (95% CI, 0.14 -0.44) and ϭ 0.52 (95% CI, 0.34 -0.70), respectively.
Association between FAF Pattern and Functional and Morphologic Parameters
As shown by three-way ANCOVA, there was a significant difference in mean BCVA among three different FAF pattern groups (ANCOVA, P ϭ 0.0494), even if the Bonferroni post hoc test was unable to recognize specific differences between the mean values.
Mean retinal sensitivity over areas with iFAF was significantly different from that of normal FAF in both single-and multiple-spot iFAF groups (ANCOVA, P ϭ 0.0002; Bonferroni post hoc test, P Ͻ 0.01 and P Ͻ 0.0001, respectively). Mean retinal sensitivity progressively decreased in these three groups from 15.1 Ϯ 3.9 to 10.3 Ϯ 5.2 dB (P ϭ 0.0002; Table 3 ). Mean 4°central retinal sensitivity showed borderline statistical difference in all three FAF groups (ANCOVA, P ϭ 0.0559).
OCT CRT and volume were not significantly different between the FAF groups. Lesion area was not different between the iFAF groups (Table 3) .
DISCUSSION
This study documents that macular fundus autofluorescence increases in a large proportion (76.8%) of patients with CSME. Moreover, retinal sensitivity decreases over areas with increased FAF, indicating that the function of the neurosensory retina deteriorates when autofluorescence increases. DME is currently defined as increased retinal thickness. The functional impact of DME is usually determined by the quantification of BCVA. 9, 31 But, BCVA does not depend only on Microperimetry has recently been introduced in clinical practice for functional evaluation of DME. 10 -16 Microperimetry quantifies macular sensitivity, exactly correlating it to fundus characteristics, and determines retinal fixation characteristics. A significant inverse correlation between macular thickness and macular sensitivity has already been reported in many studies. [12] [13] [14] [15] More contrasting data exist about fixation characteristics in DME eyes 10, 11, 14 -mostly due to the differences in examined populations, especially differences in DME duration.
10,11,14 Vujosevic et al. 10 reported in a well-defined group of CSME eyes that location and stability of fixation were normal, except when subfoveal hard exudates were present. Microperimetry may add some new information in the management of DME that is complementary to OCT and visual acuity data. 12 Functional evaluation of DME is important for two reasons: first, morphologic evaluation is useful to assess the severity of DME and treatment outcomes, but it must correlate to visual function, to give better DME prognostication. Second, better correlation of structural and functional parameters may enable identification of new DME patterns, which may be responsible for different responses to local treatments. Therefore, treatments based on OCT macular thickness or FA leakage alone may be not as efficient as expected, giving rise to different outcomes. This fact may suggest the presence of different DME phenotypes. The determination of new patterns corresponding to these phenotypes may be useful in tailoring DME treatment.
Although classification of DME may vary when using different diagnostic methods and terms such as focal and diffuse DME are not yet standardized, several studies have recently shown strong correlations between OCT findings and FA patterns in DME. 17, [32] [33] [34] These correlations address the changes in intraretinal structure. Large foveal cysts, located in the outer nuclear layer and/or Henle's layer found on OCT correspond well to petaloid cystoid leakage patterns on FA. 32, 34 With the advent of new high-resolution OCT, fine intraretinal structure changes caused by cystic spaces have been visualized and could be better compared to histopathologic reports. 35, 36 In the present study, a high proportion of agreement in the evaluation of cystoid edema with OCT and FA was found, although a time-domain machine was used. On the contrary, OCT and FA disagree in detecting subfoveal neuroretinal detachment. Whereas SNRD is easily detected on OCT, it does not have any specific pattern on FA.
FAF has been used mostly for structural evaluation of agerelated macular degeneration, inherited macular dystrophies, and cystoid macular edema of different origins, but FAF characteristics in DME are still poorly understood. 18 -22,37-39 Bessho et al. 37 documented increased FAF in all examined eyes with cystoid macular edema of different origin corresponding to the petaloid shape on FA and OCT cysts. Pece et al. 38 described three different increased patterns of FAF (multicystic increased, single cyst increased, and combined single-and multicystic increased FAF) in patients with cystoid DME that correlated positively with FA and OCT findings. In the present study, FAF parameters correlated to both structural and functional parameters more commonly used in DME. The presence of iFAF was associated with functional and structural impairment of the macula. The iFAF pattern group had poorer macular sensitivity than did the normal FAF group. These data indicate that DME with iFAF pattern is, at least functionally, more severe than DME with a normal FAF pattern.
Other studies involved analysis of the correlation between FAF imaging and microperimetry in age-related macular degeneration, and the results are comparable to those obtained in this study. 40, 41 In particular, there was a significant correlation between presence of iFAF areas and decreased retinal sensitivity, regardless of visual acuity. 40 In the present study, an increased FAF pattern (both singleand multiple-spot iFAF) was associated with cystoid edema pattern on OCT in approximately 89% of cases. Although the difference between single and multiple iFAF may sometimes be subtle, adequate clinical training overcomes this limitation. 42 McBain et al. 22 found high sensitivity and specificity of FAF examination in detecting cystoid edema, proposing FAF detection as a valid and noninvasive alternative to FA in evaluating cystoid macular edema of different origins.
The origin and significance of FAF in DME is still unclear. FAF is thought to visualize the distribution of lipofuscin in the RPE. 20, [43] [44] [45] In the latter, lipofuscin is mainly produced by incomplete degradation of photoreceptor outer segments, and it accumulates with age. 43 In diabetic retinopathy, age-related accumulation of lipofuscin in the RPE, due to photoreceptor outer segment phagocytosis, does not appear to be a relevant pathogenic mechanism. But, lipofuscin contains a large number of molecules that are mainly peroxidation products of proteins and lipids. 20 Thus, lipofuscin seems to be also an indicator of oxidative damage within the retina. A recent histologic study found that lipofuscin accumulates in microglia much more than in the RPE. 46 This hypothesis could partly explain our results. It is wellknown that microglia are activated by diabetes; this activation could determine the oxidation of proteins and lipids that accumulate in the microglia due to ongoing diabetes. 46 Thus, we hypothesize that the iFAF areas observed in DME are caused by accumulation of oxidative product induced by activated microglia. 46 Another hypothesis is mainly related to the mechanical effect of cystoid macular edema: Cysts are mostly located in the outer plexiform and inner nuclear layers, where there is a maximum accumulation of luteal pigment. 22 Cysts may displace luteal pigment preventing the normal blockage of foveal FAF signal at the level of each of them. 22, 45 Moreover, Bessho et al. 37 documented increased FAF by 488-nm excitation in all examined eyes with cystoid macular edema, but not by 580-nm excitation, concluding that increased FAF is a pseudoautofluorescence due to a window defect, as in FA. As a consequence of this hypothesis, when cysts are reabsorbed, foveal FAF signal should disappear. This conclusion is in contrast with our experience in the follow-up of diabetic patients treated with laser photocoagulation in whom cysts reabsorbed but iFAF remained (Vujosevic S, et al. IOVS 2009;50:ARVO E-Abstract 1377). Although this phenomenon may be explained by residual displaced luteal pigment, it is also reasonable that it is related to persisting activated microglia.
However, more studies are needed to determine the exact origin of increased FAF signal in diabetes. FAF imaging could assist in identifying different DME patterns to improve macular edema classification and treatment in diabetic patients.
